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PREFACE

The work described in this report was sponsored by the US DOT Office of Research and
Development of the National Highway Traffic Safety Administration (NHTSA) under
Project Plan Agreement HS-76. From the beginning of this effort, Dr. Rolf Eppinger,

- Chief of the NHTSA’s Biomechanics Division, provided critical support and direction for
- this work, and in the latter stages of the work, Dr. Faris Bandak provided additional
direction and support.

The work described herein is part of a larger effort to develop tools and methods to
provide an improved head injury criteria for use in automobile crash testing. The current
head injury criteria is based on translational accelerations measured at the center of
gravity of a dummy headpart, and does not consider rotational kinematics which have
been shown to have a strong effect on neurological impairment due to strains developed
in the soft tissue of the brain (see Reference 2). Finite element modeling of the skull and
- brain, and replicating combined translational and rotational dynamic loading sustained by
the head, are among the efforts supported by NHTSA’s Biomechanics Division to reach
these goals.

Specifically, this report describes the procedure and associated software for computing
angular and translational headpart kinematics with respect to inertial coordinates, by
transforming non-inertial accelerometer data measured in a 3-2-2-2 nine-accelerometer
array located in the dummy headpart. Generalized six-degree-of-freedom angular and
translational velocity components may then be applied as boundary conditions, to an
anatomic model of the skull and brain. This process involves the transformation of time-
varying vector quantities from a body coordinate system undegoing generalized rotation,
to a fixed reference frame. Principal elements of this report include: (a) principles of the
transformation process; (b) use of the software and a typical interactive session; (¢)
comparisons with crash test film data; (d) use of simulated accelerometer data for
-validating the transformation process; (¢) characterization of typical errors due to non-
coplanar geometry of the 3-2-2-2 array; and (f) a compensation algorithm for eliminating
uncertainties associated with non-coplanar geometry. A program listing is also included.

The basic transformation algorithm described herein was developed by Dr. Weinstock of

the Volpe Center. Dr. Tong of the Hong Kong University for Science and Technology
was instrumental in developing the compensation algorithm for non-coplanar geometry.

i
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1. INTRODUCTION

Head injuries sustained in the automobile collision environment are currently evaluated
according to the Head Injury Criterion (HIC) specified in Federal Motor Vehicle Safety
Standard (FMVSS) 208, which is based upon the vector sum of translational accelerations
measured at the center of gravity of an anthropometric dummy headpart. This criterion,
which evolved from the Wayne State Tolerance Curve [1], relates the probability of head
injury to temporal and amplitude features of the resultant acceleration time history
measured at the head’s center of gravity, and provides a quantitative indication of the
potential for serious head injury.

Although HIC has been shown to be indicative of many forms of head injury, questions
have been raised about its ability to predict diffuse injuries to soft brain tissue, which do
not result in externally identifiable lesions. In recent years, experimental and patho-
physiological studies have strongly suggested that axonal damage is related to the
magnitude of strain experienced by the imposed dynamic loading, and that these strains
are strongly related to imposed angular kinematics. Bridging vein disruption is also
believed to be the cause of many brain hematomas. A detailed discussion of the influence
of angular kinematics and its potential effects on induced strains is contained in [2].

To begin to understand the relationship between angular kinematics and strains induced
in soft brain tissue, a three-dimensional anatomic brain model was constructed [3]in
1991 and various impacts with upper interior surfaces were simulated by launching the
model into upper interior contact surfaces with a specified initial velocity. While these
simulations can produce representative responses for short impact durations, they also
require detailed modeling of the interior structure and neglect significant effects of forces
and torques occurring at the head-neck interface. To effectively use three-dimensional
anatomic models, a more general capability is required for replicating and applying the
generalized six-degree-of-freedom dynamic loads measured in the actual collision test
environment.

This report describes the development and application of coordinate transformation
software for transforming non-inertial accelerometer measurements made in a dummy
headpart using a 3-2-2-2 Nine Accelerometer Package (NAP) array, to a non-rotating,
inertial coordinate system. Accelerometer measurement locations within the dummy
headpart are illustrated in the drawing of Figure 1-1, for the 3-2-2-2 NAP configuration,
and the ideal or coplanar arrangement of accelerometers is illustrated in Figure 1-2. In
the 3-2-2-2 NAP configuration, three accelerometers are located at the center of gravity
(CG) and two accelerometers are displaced along each principal body axis with sense
axes orthogonal to that axis and aligned with the remaining principal body axes.
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The x, y, and z arms are respectively oriented along the dummy headpart’s forward
(antenor—postenor) lateral and vertical (superior-inferior) axes, and generally correspond
with vehicle axis labeling. The position of accelerometers in the array is very important

~ in the transformation process and for the discussion which follows. The relationship ‘
between accelerometer measurements and its posmon in the NAP array, 1s mdlcated m
Figure 1-2 (this w111 be discussed further). ' ' ‘

Using the procedure described herein, the three translational and rotational velocities at
the headpart center of gravity are derived from the NAP data to describe the generahzed
six-degree-of-freedom (DOF) motion of the head in terms of velocity time histories at the
center of gravity. The generalized six-degree-of-freedom velocity field is then applied to
the headpart’s center of gravity to drive the anatomic brain model, using the assumption
of a rigid skull, to replicate the dummy headpart's kinematic response and to approximate
the dynamic loading experienced in the actual crash test. The resulting soft tissue strains
are evaluated as described in [2].

This approach provides a basic methodology for characterizing the dynamic loads
sustained by the head, as measured with the NAP in a relatively rigid dummy headpart,
and applying these loads to an analytical model of the brain. In this manner, soft tissue
strains can be computed in response to dynamic loads measured in the actual crash test
environment. The generalized six-degree-of-freedom kinematic loading extracted from
the NAP data reflects all dummy headpart impacts with the surrounding structure during
the impact event, as well as dummy/neck reaction forces. The compliance of the dummy
headpart's skin is also reflected in the kinematic response.

The methodology presented is applicable to pure inertial loadings sustained in
non-contact events, as well as for generalized head contact with interior surfaces and/or
airbag impacts. Supplemental data characterizing angular and translational velocities and
accelerations in body and in fixed coordinates is also generated during the transformation
process. Kinematic quantities transformed to the fixed coordinate system may be
particularly useful for comparing relative kinematics from one or more tests. The
resulting data may also be used in conjunction with a headpart model to graphically
illustrate and compare headpart kinematic response from separate tests, to illustrate
headpart kinematics obscured by airbag deployment, and/or plot time history variables
describing headpart kinematic response (e.g., angular position) versus time.

It is important to note that since impact forces acting on the skull are not directly
indicated by the NAP data (although they may be implied), the above approach is not
directly applicable to predicting detailed skull loading or fracture. The latter
consideration, which requires a detailed description of localized loading and skull
structural and material properties, is currently approximated by HIC. The methodology
described herein is aimed at replicating kinematic response data which may be used in




conJunctlon with an anatomic brain model to estimate strains developed i in soft brain
trssue in response to dynarmc loads sustamed in real world colhsrons

In [4] various accelerometer conﬁguratlons were rev1ewed and the 3-2 2-2 conﬁguratron
was detennmed to be the most reliable method for charactenzmg the generalized six-
degree-of-freedom headpart kinematics, and equatrons were developed which can be used
to effectively compensate for cross-products of angular velocity and centripetal
accelerations introduced by the non-coplanar geometry of the 3-2-2-2 NAP configuration.
These equations have been mtegrated into the coordmate transfonnatron process to
compensate for effects of non-coplanar geometry
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2. OVERVIEW

The following sections describe the major assumptions and operating principles used in
the coordinate transformation process in chronological order of development. Initially,
the coordinate transformation process and computer program described below was
developed assuming that accelerometers within the 3-2-2-2 array were ideally located
such that all transducers were located on axes defined by three orthogonal intersecting
planes passing through the headpart center of gravity. This is referred to as the coplanar
. geometry configuration, and does not account for the small variations from actual
accelerometer locations in the non-coplanar nine-accelerometer array. Initial
comparisons of simulated kinematics made using the corresponding coplanar geometry
assumption, although qualitative in nature, compared very favorably with crash test film
- data and was certainly representative of the kinematics involved.

In order to study the effects of non-coplanar geometry, simulated accelerometer data was
- developed based on rigid body kinematics, to compute accelerometer data at each
transducer location using both coplanar and non-coplanar geometries. Key to this
approach was the use of kinematic scenarios with a known final position and angular
orientation, which could be used to study variations in kinematics and accumulated ,
strains developed in the anatomic model for coplanar versus non-coplanar geometry
assumptions. Effects of typical transducer measurement errors were similarly evaluated.
This lead to the development of a compensation algorithm, which was subsequently
coded into the coordinate transformation software package, to essentially eliminate the
effects of cross-products of angular velocity and centripetal accelerations associated with
the actual non-coplanar geometry of the 3-2-2-2 NAP configuration. -

A discussion of the principles used in the coordinate transformation process, with the
initial assumption of ideal or coplanar geometry, is described below. The implementation
of these principles is then described in terms of FORTRAN computer program variables
followed by a profile of the resulting translational and rotational kinematic response
quantities computed in body coordinates and/or transformed to fixed coordinates,

Regardless of the geometry assumption, the principal objective is to develop a method of
tracking the relative angular orientation of the rotating, decelerating headpart with respect
to the fixed coordinate system through time. This is accomplished by computing an
angular velocity rotation matrix which describes instantaneous angular velocity
components of the body coordinate system, and which allows the computation of an
updated direction cosine matrix at each instant in time. This discussion is followed by
recommendations for screening and preparing accelerometer data for the transformation
process, required program inputs, and a typical interactive session.
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Using actual crash test data, Section 3 describes the general procedure for (a) extracting
headpart kinematic response in the form of translational and rotational velocity time
histories at the headpart center of gravity, and (b) applying generalized translational and
rotational velocities to an anatomic model to replicate the test kinematics, and
consequently, the dynamic loads associated with the head impact. Comparison of
simulated kinematics with available film data is provided from several views for selected
crash tests to provide a general indication of actual versus simulated kinematics. As
noted above, these initial simulations were made using the ideal or coplanar geometry
assumption, and results compared very favorably with crash test film data.

To provide a more rigorous comparison of the transformation process, simulated NAP
data is developed as described in Section 4, to rotate a rigid object about the fixed lateral
axis from an initial orientation into a known final position. Rigid body angular
kinematics are prescribed about a single fixed coordinate axis, with the headpart initially
rotated about each body axis to produce simultaneous angular kinematics about each axis
in the body coordinate system. The simulated accelerometer data is then processed using
the transformation procedure and applied to the center of gravity of a finite element
representation of a rigid body. The final position of the rigid object driven by the |
transformed accelerometer data is compared with the known final position of the rigid
object to verify the transformation process. | ’

Finally, an algorithm which compensates for the non-coplanar location of accelerometers
in the NAP array is described. This considers effects of centripetal accelerations as well
as Coriolis accelerations, or cross products of angular velocity, arising from the non-
coplanar geometry of the NAP. This approach is useful to assess the effects of non-
coplanar geometry, as well as transducer errors such as cross-axis sensitivity, on the final
position of the transformed object, and to assess the relative effects of various error
sources on angular kinematics.




2.1 PRINCIPLES OF THE TRANSFORMATION PROCESS

The transformatlon of quantities between coordinate systems is usually a simple task.

Transforming components of a vector Rfrom a non-rotating body coordinate system to a
ﬁxed coordlnate system is done snnply usmg

| ‘Rg=T;R, | 2.1-1

where . .
Ry =i | component of the vector R in the fixed coordinate system

| Ryi=j o component of the vector R in the body coordinate system, and

[Tij] =T  direction cosine matrix relating vector components from body-to-

~ fixed coordinate system

However, when one coordinate system is rotating, as in the case of a dummy headpart,

the rate of change of the rotating coordinate system must also be considered in the
transformation of vector components between fixed and rotating coordinate systems. To
distinguish matrices, vectors, and their components in the following discussion, vector
quantities are indicated with the superscript (), matrices by the subscript ( ), and vector

or matrix components by subscripted indices. Repeated indices indicate summation.
Also, reference to axes of the body coordinate system are generally indicated by
lowercase subscripts ¥, y, and z while fixed coordinate system axes are generally
indicated by uppercase X, Y, and Z.

Components of the time-varying vector f{b when viewed or transformed to inertial
coordinates are:

Rﬁ = TlJij +T ij | | 2.1-2

The first term on the right—hand side represents the transformation of time-varying

components of the vector R, as if the body coordinate system was not rotating. The
second term represents changes in the relative angular position of the body coordinate

system, as if the there was no change in the vector Ry, .
Hence, the appropriate expression for transforming a time- varying vector from the

rotating body coordinates to a fixed, inertial coordinate system is given by equation 2.1-2,
which is the matrix form of the Coriolis Equation, expressed in vector notation as:

I—if:l—ib +(I)XRb 21‘3
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where
ﬁf and ﬁb are time-varying vector quantitie‘s’measured in fixed and body
coordinates, respectively, and
@y, xRy, is a supplemental vector required because the body
coordinate system is in rotation.

The components of the cross product @ X ﬁbin the body coordinate system is the vector
quantity ‘
((—6 x Rb) = (Dijkb . 2.1-4

where © ; are the elements of the rotation matrix ®

0 -

z y
o=[o,]l=] o, 0 -o : 2.1-5
—0, O, 0

The elements oy, oy, and o, are the instantaneous components of the angular velocity
vector in the body coordinate system. It may be noted that the null values on the diagonal
of the matrix ® result from the fact that angular velocities about each principal body axis

do not affect angular velocity components about the corresponding principal axis in the
fixed coordinate system. The sense of each term in is determined from considering

directional effects of angular rotations in a right-handed coordinate system.
Transforming components of the vectors Ry, +® x Ry to fixed coordinates, we obtain.
Comparing this with equation 2.1-2, we note TlJ =T, 0y Where m is a dummy index
used in multiplication. This may also be expressed in matrix form as:

T=To | 2.1-7
Equation 2.1-7 provides an algorithm which may be used to compute and update the
orientation of the body coordinate system relative to fixed coordinates based on

incremental changes in body angular velocity. For small incremental angular rotations at
each time step, equation 2.1-7 can be integrated as indicated on the next page:
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(T_-T )/8t=(T_-0) 2.1-8

~new ~old old ~
or,
T =T +(T -0)t 2.1-9

S~ new’ ~ old ~old ~

Having updated the new body coordinate system location, the transformation from body
to fixed coordinates can proceed using the simple transformation equation in 2.1-1.

Using this marching algorithm, the new posmon of the body coordinate system is updated
at each time step relative to fixed coordinates, in terms of its previous location, and the
current angular velocity rotation matrix ©, and the updated T matrix (T) yewis used to

transform between rotating body and fixed coordinate systems. An excellent discussion
of the mathematical treatment of this subject is provided by Broxmeyer in [5].

To transform time-varying vector quantities from body-to-fixed coordinates, update the
position of the coordinate system at each time step and minimize error buildup, changes
in angular orientation of the body coordinate system at each time step must be limited. In
this implementation, the vector sum of body angular velocities at each time step is limited
to one milliradian/sec (0.06 degrees/sec) per time step.

|oy| = \[wﬁx +0}, +®p, <0001 radians/ sec 2.1-10

If the one milliradian limit is exceeded, the time interval is subdivided to limit the
maximum change in body angular velocity at each time step. The implementation of this
process is described below.

-~ 2.1.1 Implementation and Program Variables

The translational body accelerations are read into the internal arrays baccl through bacc9
in the main program. - -To facilitate the computation of angular kinematics,
accelerometers were initially assumed to be perfectly located at the ideal coplanar
locations shown in Figure 1-2, with sense axes of multiple accelerometers co-located at a
single point in space. Because of the actual non-coplanar geometry of transducer array,
this assumption could introduce some spurious acceleration components into the
calculation because centripetal accelerations and cross-products of angular velocities are
not computed exactly. These variations are discussed in Section 4 which also presents an
algorithm to compensate for these spurious effects.

The above accelerations are used with the ideal geometry approximation to estimate body
angular accelerations bomegdi (i = x,y,z), about the body x, y, and z axes, respectively.
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This is done by averaging pairs of accelerometers in the 3-2-2-2 array as illustrated in
Figure 1-2, and as shown below. R

bomegdx = 0.5 *[((bacc4 — bace3) / ry + (bacc2 — bacc9) / rz)|*G
bdmegdy = 0.5*[((bacc3 —bacc6) / rx + (bacc8 — baccl) / 12)| *G 2.1-11

bomegdz =05* [((bace7 —bacc2) / rx +(baccl — bace5) / 1y)]* G

where G = gravitational acceleratidn constant, and
1x, 1y, and 1z are distances from the cg to accelerometers located on
X, ¥, and z arms respectively.

Body angular velocities are then computed by integrating body angular accelerations, and
treating the body coordinate system as instantaneously fixed in space for an infinitesimal
incremental rotation. This approximation is made by limiting incremental changes in the
vector sum of body angular velocity components Bomeg (i= x,,2), to one milliradian
(i.e., 0.06 degrees) /sec or less, for each point in the input accelerometer data.

Bomegi, ., = Bomegi,y + Bomegdixdt i= x,y,z o 2.1-12

Bomegy =0 ,|= JBomegx® + Bomegy® + Bomez” <0.001 radian  2.1-13

Since the data sampling rate is typically 8 kHz or more, incremental rotations typically do
not exceed one milliradian/sec. However, in the event this should occur, the data is
linearly interpolated and subdivided into smaller increments to impose the one
milliradian/sec increment limit. o | o

It is assumed that the body and fixed coordinate systems are either initially co-incident at
the body center-of-gravity or are related by the sequential rotations phi, theta, and psi
about body X, y, and z axes, respectively. In either case, the initial angular relationship
between body and fixed coordinate systems is indicated by the direction cosine matrix of
2.1-14, ‘ '

all al2 al3 cosy siny Ofcosd 0 —sind|1 0 0
a2l a22 a23|=|-siny cosy Of 0 1 0 [0 cosg sing| 21-14
a3l a32 a33 0 0 1[sin@ O cos@ [0 —sing cosg|

26




Since an initial angular dlsplacement of the body coordinate system is assumed relative to
fixed coordinates, the inverse or transform of the above matrix is required to relate body
_ position relative to fixed coordinates.

-1
=[] =2
or

Ti=2ij = i

2.1-15

For null values of phi, theta, and psi, T and a reduce to the 1dentity matrix.

The instantaneous body angular velocities and the current position of the body coordinate
system, described by direction cosines, are used to compute the incremental change in
angular orientation of the body coordmate system for each t1me interval accordmg to:

TDT;i= ZT(i,k) x Bomeg(k, j) 2.1-16
T L , ,
where

Bomeg(k,j) = angular velocity along the kth body axis relative to
Jth fixed axis direction

The angular relationship between body and fixed coordinate systems is then “updated” by
rotatmg the body coordinate system according to the incremental angular displacement
occurring during that interval. The updated direction cosine matrix relating the angular
position of the body coordinate relative to the fixed axis system is computed by

Ti,jnew = Tijgg +TDTi,jx5t 2.1-17

where 3t is the time increment. The new or updated position of the body coordinate
system is taken as “temporarily fixed” for the next increment of computed angular

- velocities, and the updated coordinate location and new (infinitesimal) angular velocities
are used to compute the next change in angular orientation of the body coordinate system.
This process is continuously repeated.

At the completion of the process, direction cosines relating the angular orientation of
principal body and fixed axes are written to the output files

F0001DCOS.011  F0001DCOS.022 F0001DCOS.033
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and the angular orientation of rigid body axes relative to fixed coordinates is established
by simultaneous solution of equation 2.1-14 for the angles phi, theta, and psi. The time
histories of these angular displacements phi, theta, and psi are respectively written to the
output files: : - ' ‘

FO0001ROTD.00X FO001ROTD.00Y F000 lROTD.OOZ :

2.1.2 Transformation from Body to Fixed Coordinates

After the angular relationship between body and fixed coordinates has been established
using the above procedure, it is a simple matter to transform kinematic quantities
computed in the body coordinate system to fixed coordinates. For example, translational
accelerations at the center of gravity with respect to fixed coordinates are computed
according to:

' . =3 '
FaccX =Y T(1, ) x Bacgj

=1

=3
FaccY =Y T(2, ) x Bacgj 2.1-18

1

=
FaccZ = > T(3, j) x Bacg/

=

where Baccj = accelerationé along body x, y, and z axes, and
Facc = acceleration along fixed X, Y, and Z axes, etc.

Translational accelerations with respect to fixed axes are written to the output files:
F0001AMO00.00X - FO00 lAMO0.00Y F000 lAMO0.00Z

Once transformed to fixed coordinates, translational accelerations at the CG are
integrated to provide translational velocities at the CG with respect to fixed coordinates.
Translational velocities in fixed coordinates are stored in the arrays FvelX, FvelY, and
FvelZ and these quantities are written to the output files:

FOOOIVMO00.00X  F0001VM00.00Y  F0001VMO00.00Z

Translational velocities along the fixed X, Y, and Z axes are also written in time-value -
pairs to the output file LC_FILE.DAT, in a format compatible with specifying rigid body
motion in the explicit finite element code LS-DYNA3D. For compatibility with the
anatomic model, English units of in/sec are used. :
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Angular accelerations and velocities computed in the body coordinate system are also
transformed to fixed coordinates in the same manner. Angular accelerations about the
fixed X, Y, and Z axes are computed by:

= |
- FomegdX = 3" T(1, /) x Bomegdj
= |
=
FomegdY =3 T(2, j) x Bomegd; 2119

=

=3 k
FomegdZ = T(3, /) x Bomegd;

j=1
These quantities are written to the output files:
FOOOIROTA.00X ~  FO0001ROTA.00Y  FO0001ROTA.00Z

Angular velocities in fixed coordinates are obtained from:

. =3 '
FomegX = 3 T(1, /) x Bomegj

i

= |
FomegY =" T(2, j) x Bomegj 2.1-20.

=

=3 v
FomegZ = > T(3, /) x Bomegj

. j=1
“and are stored in the output files:

B000 IROTV.OOX BOOOIROTV.00Y B0001ROTV.00Z

and are also written in time-value pairs to the output file LC_FILE.DAT with units of
rad/sec. - :

The output file LC_FILE.DAT now contains a description of the generalized six-degree-
of-freedom motion at the center of gravity of a dummy headpart, in terms of translational
and angular velocities. This file was generated to be included with the input file of the
anatomic brain model described in [3] and is used to specify the generalized six-degree-
of-freedom kinematics and replicate the dynamic loads experienced by the soft tissue of
the brain in response to head impact collision loading measured in the form of NAP data.



2.2 DATA PREPARATION AND INPUT

The data should initially be checked for b1as error and for overall data quahty, and to
assure that all nine accelerometer data channels are available. Data acquisition errors
such as spurious spikes in the data, saturation of the measurement signal, scale factor
errors and/or polarity errors will obviously degrade the usefulness of the data. To the
extent possible, bias errors should be assessed and corrected prior to utilizing the data.
Overplotting the three accelerations along the body x (baccl 5 and 8), y (bacc2, 6 and 9),
and z (bacc3, 4 and 7) will often reveal anomahes in the data since these accelerations are
generally very similar in character.

Also, since most acceleration time history data includes a "dead-time" or zero-
acceleration state corresponding pre-impact run-in time, it may be desirable to time-shift
the data so as to separate pre- and post-impact domains. This will minimize computation
time and focus results on the interval corresponding to head impact. This is particularly
important if the resulting translational and rotational velocities at the CG are to be used to
drive an anatomic model, since this can be computationally intensive. However, this step
may not be very important if the objective is to simply generate kinematic response data
or to replicate the klnematlcs by driving a rigid headpart without the deformable interior
components,

Required Program Inputs

2.2.1 Initial Headpart Orientation Relatiile to Inertial Axes

To replicate dynamic loads, only the NAP data is required regardless of headpart
orientation. However, for a rotated headpart, replicating both dynamic loads and the
specific kinematic response as observed from a particular inertial location requires (a) |
relating the rotated headpart body coordinate system to the fixed coordinate system, and

- (b) applying the dynamic loads to the anatomic model placed in the identical angular
orientation. Although this process is not required to replicate dynamic loads, this may be
useful for the comparlson of kinematic responses 1n a partlcular reference frame.

Since NAP sense axes are typically referenced to the vehlcle coordinate system the
nominal orientation of the headpart coordinate system is assumed to be that of the vehicle
coordinate system, and the initial angular onentatlon of body and ﬁxed coordinate
systems are coincident.

This assumption indicates that accelerometers along the body z (yaw) axis are nominally
perpendicular to the earth’s gravitational field, while the body x (roll) axis is aligned
with the vehicle longitudinal axis, and the body y (pitch) axis is aligned with the vehicle
lat-eral axis. Probably the most common deviation from this initial angular orientation is
for the headpart to be rotated about its pitch or lateral axis relative to the vehicle
longitudinal axis.
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The direction cosine matrix (Eq 2.1-14) was included in the transformatlon procedure to
provide a more general initial angular relationship between body and fixed coordinate
systems. The program first prompts the user for a set of angles describing the initial
angular position of the headpart relative to fixed coordinates, in terms of sequential
rotations about the body x (lateral), y (pitch), and z (yaw) axes. If the dummy headpart is
aligned with the vehicle X, ¥, and z axes, (or if the objective is primarily to replicate
dynamlc head loads), null values should be entered. ‘If the headpart is rotated about only
one axis, the angular rotation should be entered (in radians) for the corresponding
rotation. For example, if the headpart were rotated 0.1 radians about the body y or pitch
axis, the following values would be input;

PHI, THETA, PSI (rad): angle of rotation of accelerometer
system about, (1) x-axis, (2) y-axis, and (3) z-axis
PHI THETA, PSI

>'0.0 0.10 00

A rotation of 0.5 radians or 28 degrees about the z or vertical (yaw) axis, which might be
representative of a dnver-s1de dummy headpalt rotated to face an A-plllar wouldbe
entered as:

| PHI, THETA, PSI (rad): angle of rotation of accelerometer
system about, (1) x-axis, (2) y-axis, and (3) z-axis
...PHI, THETA, PSI

> 0.0,0.0,0.5

Normally, the headpart is e1ther ahgned w1th the vehlcle axes or rotated about only one
axis. ‘

2.2.2 Accelerometer Data Input

The transformation software is currently coded to read and write data files formatted
according to the NHTSA User Data Set (UDS) file format. The software must be
modified to read other data formats, and comment cards have been included in the
program listing to facilitate these modifications. The NAP data must also be read in the
specific sequence indicated in Table 2-1 or keyed to positional information, if available,
contained within accelerometer data file.

Acceleration units should be in G’s and output ﬁles generated have Enghsh umts ”

Translational velocities are in inches/sec and angular velocities are in rad/sec, to
be consistent with English units used in the anatonuc brain model.
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TABLE 2-1. SEQUENCE FOR READING NAP DATA

BY ARRAY LOCATION
Input File Location Sense
No. (CG or Arm) Axis
1 CG X
2 CG Y
3 CG Z
4 Y Arm Z
5 Y Arm X
6 X Arm Z
7 X Arm Y
8 Z Arm X
9 Z Arm Y

2.2.3 Typical Interactive Session

A complete interactive session is illustrated below. The angles PHI, THETA, and PST
represent sequential rotations about the body x, y, and z axes respectively, relating the
initial orientation of the dummy headpart to fixed coordinates. In this session, the
headpart is rotated 0.1 radians about the lateral or pitch axis, and the acceleration channel
number is distinguished by the last character in the input file string. A sequence of input
files with the base filename V0001AMO00.00i (i=1-9) represents the nine accelerometer
package data. Assuming accelerometer locations within the NAP array as defined in
Figure 1-2, accelerometer data would be input in the sequence illustrated below. The
command line for execution in the VAX environment is: run LC_COMP.

**% Transform NAP Data From Body to Inertial Coordinates ***
-- PHI, THETA, PSI (rad): angle of rotation of acceierometer
system about, (1) x-axis, (2) y-axis, and (3) z-axis

...PHI/(E,F), THETA/(E,F), PSI/(E,F):

0.0,0.1,0.0

Enter 1st UDS file in NAP array ( Xcg )
Control-Z to Stop >> V0001AM00.001

Enter 2nd UDS file in NAP array ( Ycg )
Control-Z to Stop >> V0001AMO00.002
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Enter 3rd UDS file in NAP array ( Zcg )
Control-Z to Stop >> V0001AM00.003

Enter 4th UDS file in NAP array (Yarm Zg)
Control-Z to Stop >> V0001AM00.004

Enter 5th UDS file in NAP array (Yarm Xg)
Control-Z to Stop >> V0001AMO00.005

Enter 6th UDS file in NAP array (Xarm Zg)
Control-Z to Stop >> V0001AM00.006

Enter 7th UDS file in NAP array (Xarm Yg)
Control-Z to Stop >> V0001AMO00.007

Enter 8th UDS file in NAP array (Zarm Xg)
Control-Z to Stop >> V0001AM00.008

Enter 9th UDS file in NAP array (Zarm Yg)
Control-Z to Stop >> V0001AMO00.009

At the end of the computation, a list of files is printed that describes supplemental
kinematic variables with respect to fixed or body coordinates. Translational and angular
velocity time histories at the headpart CG are also written to the separate file,
LC_FILE.DAT in the form of Load Curves to specify prescribed headpart kinematics in
finite element simulations. The following message is printed when computations are
completed.

The Following Output Files Have Been Created:

Translational Accelerations - Inertial Coordinates.
F0001AMO00.00X F0001AMO00.00Y FO001AMO00.00Z

Rotational Velocities - Body Coordinates
B0001ROTV.00X BO0OO1ROTV.00Y B0001ROTV.00Z

Rotational Accelerations - Inertial Coordinates
FOOO1IROTA.00X FOOOIROTA.00Y FOOO1ROTA.00Z -

Direction Cosines Relating Principal Axes
F0001DCOS.011 F0001DCOS.022 F0001DCOS.033
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Rotational Displacements - Inertial Coordinates _
F0001ROTD.00X F0001ROTD.00Y F0001ROTD.00Z

Rotational Velocities - Inertial Coordinates
F0001ROTV.00X FO001ROTV.00Y FO001ROTV.00Z

Translational Velocities - Inertial Coordinates
F0001VM00.00X F0001VMO00.00Y F0001VM00.00Z

Load Curves Written to: LC_FILE.DAT

2.2.4 Supplemental Kinematic Qutputs - Filenaming Convention

In the filenaming convention used above, those kinematic quantities beginning with the
letter “F” are relative to inertial or fixed coordinates, and those beginning with the letter
“B” are relative to the body coordinate system. The next four characters are generally
reserved for a specific test number, and the middle four characters generally correspond
to NHTSA conventions for describing kinematic variables, although many of the above
kinematic quantities are unique to these calculations, as discussed further in Section 3.
The last three characters form the suffix and generally indicate the direction or axis of the
kinematic quantity. Filenaming conventions may easily be modified if desirable.
Comment cards are included in the main program to indicate labeling of output filenames
and kinematic quantities.

All output quantities are defined relative to the headpart center of gravity. Direction
cosine files contain time histories describing the angular relationship between principal
body and fixed coordinate axes, with the following suffix assignments:

F0001DCOS.011 indicating body x axis to fixed X axis
F0001DCOS.022 indicating body y axis to fixed Y axis
F0001DCOS.033 indicating body z axis to fixed Z axis

Typical kinematic output quantities resulting from the processing of NAP data are
discussed in Section 3.
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3. APPLICATION TO CRASH TEST DATA

To illustrate the process described above, the transformation software was applied to
representative crash tests selected from the NHTSA crash test database. Tests were
selected which had relatively familiar or predictable responses, good film data, and high
quality NAP data. The NAP data was processed to transform dummy headpart
accelerations to kinematic quantities computed at the headpart center of gravity, in the
fixed coordinate system, and applied to a finite element model as described below.

31 GENERAL PROCEDURE FOR APPLYING HEADPART DYNAMIC
LOADING | »

Although the following procedure is general, the anatomic model described in [3] is used
to illustrate the application of dynamic loads in the form of specified translational and
rotational kinematics at the headpart CG. Figure 3-1 is a cutaway view of the deformable
internal components consisting of a visco-elastic representation of soft brain tissue and a
stiffer, but deformable lining which also forms the falx anatomic partition. These _
components are contained within a rigid skull/headpart component. Subjecting the entire
model to the test kinematics will result in the applic